Although the use of amphibole sbestos (crocidolite and amouite) has been banned in most European countries because of its known effects on the lung and pleura, chrysotile asbestos remains in use in a number ofwidely used products, notably asbestos cement and.fricton in vehicle brakes and dutches. A. an on chrysotile throout the Eurpean Union for these remaining applications is currentl under consideration, but this requires confidence in the safety of substitute materials. The main substitutes for the residual uses of chrysotile are p-aranmid, polyvinylalcohol (PVA), and cellulose fibers, and it is these maeas t are evauated here.
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General Perspectives on Fiber Hazards
In this paper we are primarily concerned with fibrogenic and carcinogenic properties of fibers. It is generally accepted that to be pathogenic, fibers must be long, thin, and durable, although there is no consensus on the qualifying values of these parameters. Other factors such as fiber chemistry may also contribute to pathogenicity; this must be considered when deliberating the use of substitute fibers.
Fiber diameter is the major determinant of the falling speed in air, and hence of the fiber concentration where the aerosol is generated. The diameter also determines the probability that individual fibers will deposit in the alveolar region of (5) . The induction of fibrosis is also more readily induced by long fibers. For pathogenicity in general, it is safe to assume that fibers < 4-5 pm in length are no more hazardous than the same material in nonfibrous form. Thus, if fibers fragment, they will be both less pathogenic and more readily removed.
The majority of fibrous products are produced in bulk form, often as wool or blanket, with staple lengths that may be measured in centimeters. Fiber dustiness, i.e., the ability of these products to fragment and release dust into the air, is an important determinant of hazard. It depends on the breakage rate of the filaments, which is a function of a) stiffness, b) resistance to shear, c) whether the fractures are propagated lengthways or transversely, and a) the respirability of the resulting fibrous dust. However, the effect of fiber geometry and composition on dustiness is not always easy to predict. Many composite materials bind fibers so that they cannot be released in normal use, although some may be released when the material is cut or abraded. Similarly, many fiber preparations contain binder or dust-suppression agents that inhibit fiber release.
In addition, in the case of fiber cement, such features as the weathering rate and its effect on the propensity to release fiber, the extent to which the composite may be used in a given situation or location, and whether (synergistic) interaction between asbestos and cigarette smoke (11) . Rats that were injected with Nnitrosoheptamethyleneimine, a specific lung carcinogen, and inhaled chrysotile produced pulmonary tumors and hyperplastic responses in an apparently synergistic fashion (12) .
Unlike lung cancer, there appears to be no association between mesothelioma and cigarette smoking.
High doses of chrysotile are also both inflammatory and fibrogenic. It is generally agreed that asbestos will not cause cancer without prior chronic inflammation, but there is less consensus on whether this must progress to fibrosis. Although both asbestosis and lung cancer in humans can be induced by exposure to chrysotile, there is no agreement as to whether the two diseases run in parallel because of a common cause-inflammation (13)-or whether the development of frank fibrosis is a prerequisite for increased cancer incidence (14) . In an extensive review, Henderson et al. (15) confirmed this lack of agreement, but noted a change in the balance of evidence in favor of the view that the fiber load itself is the main determinant for lung carcinogenesis. Asbestosis and lung cancer have broadly similar dose-response relationships, similar latent periods, and depend in the same way on fiber length [reviewed by Meldrum (9) ].
Hazardous Properties of Substitute Fibers
It is important to realize that the volume of information available for the substitute fibers will always be less than that for chrysotile, especially regarding effects on humans. This is because of their relatively recent introduction and the fact that occupational exposures are not likely to match the high levels seen in the past with asbestos.
PVAfibers. The diameter of PVA fibers, as manufactured, is well above the respirable limit and most of them are not inhalable. They have a lower density (-1.3) as compared to mineral fibers, so that the respirable limit for PVA will be approximately 7 pm, versus 3 pm for mineral fibers.
Nevertheless, the fibers are mostly in the range of 10-16 pm diameter. There is evidence that they do not fibrillate (split lengthwise). Many of the particles seen in the atmosphere are nonfibrous.
Although the published toxicologic information on PVA is relatively sparse, the parent material has been used extensively in surgery and has food contact clearance (16) , presumably based on unpublished studies. Indications of an accumulation of oligomers in the kidney in some circumstances [e.g., Carver (17) ] mean that the spectrum of molecular weight of material in the fibers as used should be considered, especially if a smaller diameter material were to be produced. The In recent studies p-aramid fibrils were less biopersistent overall than chrysotile in both rat and hamster lung (18) (19) (20) (21) . The longer aramid fibrils tended to fragment, unlike the longer chrysotile fibers that were therefore preferentially retained. High doses of p-aramid caused a small increase in lung cell proliferation, which disappeared by 5 days after the end of the exposure period in the rat, and by 1 month in the hamster. At the same level of exposure, chrysotile markedly increased cell proliferation in airway, alveolar, and subpleural tissue during 0-3 months postexposure (20) (21) (22) .
Other animal experiments have shown fibrosis in response to high doses of aramid, but the associated proliferative keratinizing cysts are generally considered irrelevant for human risk assessment because there is no equivalent lesion in humans and because they occur in rats only at levels where lung clearance mechanisms are severely inhibited (16) . Mesothelioma incidence in rats following intraperitoneal injection of fibrils is below the level normally considered positive, but some researchers consider there is a marginal effect. In this respect the fiber is no worse than chrysotile, where mesothelioma induction by pure fiber is at most a weak association.
On balance, the use of aramid fibers should result in reduced levels of fiber exposure as compared to chrysotile asbestos and the fibrils released will be no more toxic and will be less biopersistent. The predicted reduction in absolute exposure levels has been achieved in industrial practice. Misuse of installed material would not be expected to give significant exposures.
Cellulose fibers. Cellulose fibers are produced from a variety of natural sources and are reportedly predominantly nonrespirable, although experimental studies as well as industrial surveys have shown some potential to produce respirable fibers (23) . The extent of fibrillation is not established but remains a possibility. In the UK fiber-cement industry the process is less dusty than processes using chrysotile, and the majority of fiber counts are less than 0.05 fibers/mL, although occasional peaks up to 0.2 fibers/mL may occur.
Cellulose has been used in the paper industry for hundreds of years with little evidence of disease, even at relatively high exposure levels. Although there is limited epidemiologic evidence of an increase in the lung cancer rate, smoking was not corrected for, so the etiology is uncertain (24) . Wood dust has been associated with sinonasal cancer, but mainly for certain hardwoods; softwood was less potent or inactive, suggesting that the cellulose content was not the primary cause. Similarly, extensive reports of byssinosis in the cotton-processing industry are associated with contaminants rather than pure cellulose fiber.
Recent experimental evidence has shown that cellulose fiber is more biopersistent than chrysotile in the rat (25) , but the lungs would have been overloaded by the high doses used, and clearance probably thereby impaired (26) .
The toxicity of cellulose fibers has recently been reviewed (24) . For a material with such wide application there are surprisingly few experimental data. The fibers were toxic to mouse macrophages in vitro, as shown by the release of lactic dehydrogenase. This was not confirmed subsequently with rat macrophages, although a high dose of cellulose did cause a transient inflammatory response in vivo (27) . Cellulose fibers were as effective as chrysotile and crocidolite in stimulating macrophages to release inflammogenic substances such as interleukin-1, and were more effective than asbestos in stimulating the release of prostaglandins. In another recent study, cellulose instilled into rat lung produced a persistent granulomatous response (28) , but again the high dose used would certainly have caused overload and thus inhibited normal clearance by macrophages. The inflammatory response to cellulose may also apply to nonfibrous material, although at low doses this will be removed more readily than long fibers by alveolar macrophages and mucociliary clearance.
On balance, the coarse fiber structure and the long experience in use indicate that substitution of cellulose fiber for chrysotile asbestos should result in reduced occupational exposures to fiber and lower levels of deposition in the lung. The apparent biopersistence of cellulose in the lung would be a possible cause for concern if the potential for limited lung damage is confirmed.
Exposure Levels
In UK industry, exposure to bulk chrysotile fiber is restricted to a small number of locations where the material is received and prepared for admixture with other components of the final product. The general public is exposed environmentally from geological outcrops, as well as from installed asbestoscontaining products, mostly in buildings. The latter exposures are usually minimal, except where there is prolonged contact with installed materials in poor condition (5) .
There are other groups for which potential exposure to asbestos is more difficult to define. These include occupationally exposed individuals, typically in building maintenance, or people engaged in home improvement as a leisure activity. Paraoccupational activity such as laundry of contaminated clothing also falls into this category. In the past, such exposures may have been poorly controlled, and have probably contributed to the current elevated incidence of mesothelioma in some building and maintenance trades (29) .
For substitute fibers, the general considerations relating to exposures and potentially exposed groups are similar to those for chrysotile. The best practice in UK industry, results in minimal fiber exposure levels in the workplace, especially for cellulose. Cellulose is available for supply to the cement industrn as sheets or briquets, which are placed directly into water. PVA is imported and supplied in bales; fiber counts can be readily maintained below 0.05 fibers/mI. Iln friction product manufacture, substitute fibers are generally handled and monitored by the same practices developed for asbestos, and fiber counts kept below the same limits. If this is maintained, exposure to aramid fibers will be no greater than for asbestos, so that the resultant risk will be less.
Conclusions
There are now practicable substitutes for the major remaining uses of chrysotile. Although lack of a full health and toxicologic data set precludes a comprehensive assessment of thc safety of substitute fibers, the application of basic principles of fiber toxicology enables a pragmatic decision to be made on the relative safety of potential substitutes. Our judgment is based on relative considerations of the intrinsic properties of fibers, on the pathogenicity of chrysotile in comparison with that of substitute fibers, and on the potential for uncontrollable exposures. The three parameters of dose, dimension (especially diameter), and durability are key to determining the differential hazards. Due consideration of these factors leads us to the following conclusions regarding chrysotile and its main substitutes.
Chrysotile per se can cause lung cancer and asbestosis; it is less clear that chrysotile alone can also cause mesothelioma in humans, and indeed it may not, whereas tremolite and other amphiboles certainly can do so. There is no definitive evidence for a threshold exposure level for lung cancer induction, although some studies suggest that a threshold does exist.
The intrinsic hazardous properties of chrysotile can never be "engineered out," and the potential for harm will always remain. Prevention of ill-health will thus always rely on the control of exposure, something that history has shown cannot be guaranteed.
Unlike chrysotile, substitute fibers can often be designed or selected to have particular characteristics. Criteria for the substitution of asbestos by other fibers include a) the substitute fibers are not in the respirable range, do not readily fibrillate, and/or are less durable than chrysotile; b) other materials that must be incorporated into the replacement product do not, in combination with the replacement fiber, produce mote harm 
